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In this paper we report cross-section measurements for 3~p elastic and inelastic 
scatterings at low energy using a scintillating fiber active target. Upper limit on the 
total cross-section for the elastic scattering was found to be 24 mb at 90% confidence 
level, and the total cross section for the E~p — > AA reaction was found to be 4. 3+2 7 
mb. We compare the results with currently competing theoretical estimates. 
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Hyperon-nucleon interaction, particularly in S — —2 system, has attracted 
great attention since it may shed light on our understanding of the nature of 
SU(3) symmetry breaking in a baryon-baryon interaction. Its importance is 
more highlighted to account for a possible six-quark if-dibaryon, which has 
been as yet unobserved experimentally. In addition, the SN-AA interaction 
accounts for the existence of a double hypernucleus, which is a gateway to 
a strange hadronic matter. For elementary E~p scattering, there is a scanty 
supply of bubble- chamber experimental data at higher energies above 1 GeV/ c 
[1,2,3,4]. 

Since no elementary cross sections below 1 GeV/ c are available to date, our 
attempt to measure the E~p elastic scattering and conversion processes is 
very important in testing competing theoretical-model predictions [5,6,7,8,9]. 
In particular, a measurement of the — > AA conversion cross section is 
crucial in assessing the stability of H~ quasi-particle states in nuclei. 

Our experiment was carried out using a separated 1.66 GeV/c K~ beam at 
the KEK proton synchrotron. The momenta of outgoing particles were mea- 
sured with a K + spectrometer of approximately 5 m length. The momentum 
resolution (Ap/p) was 0.5% (rms) at 1.2 GeV/c, and the background ratio of 
7r + to K + was estimated to be less than 0.2 %. The scintillating fiber (SCIFI) 
detector consisting of 0.5 x 0.5mm 2 plastic scintillating fibers acts as a primary 
interaction target and visual track detector for identifying (K~ , K + E~) reac- 
tions, and secondary interactions of S~ in the effective volume of 8 x 8 x 10 
cm 3 . The H~ particles are produced by (K~, K + ) reactions on free protons or 
bound protons in carbon nuclei. The SCIFI detector was read using two sets 
of the image-intensifier tubes (IIT), which were arranged orthogonally. The 
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track residual, defined as the distribution of the distance between the fitted 
straight track and each cluster, weighted by the brightness of each cluster, was 
about 290 /im. The detailed description of the experimental methods appears 
in elsewhere [10,11,12]. 

The event configuration of S~p elastic scattering is characterized as two parti- 
cle tracks from the S~ interaction vertex and one of the two involving a kink. 
On the other hand, the E~p — > AA reaction candidates were identified by 
observing two V topology tracks and one stopping track from the (K~,K + ) 
primary vertex, as shown in Fig. 1. 

Out of over six thousand (K~ , K + )E~ events a total of two candidate events 
were selected as E~p elastic scattering. The E~p candidates were selected by 
requiring that the track length of a recoil proton be longer than 3 mm and 
that of a scattered S~ be also longer than 3 mm. None of them has a visible 
A decay following the decay of a scattered H~ — > Att~ and A — > pn~ . 
After imposing constraints on two-body E~p — > E~p scattering, one of the 
two finally survived. 

We also observed three candidate events involving two visible A decays from 
a stopping prong at the (K~,K + ) vertex. The three events contain two A 
particles carrying unbalanced momenta in terms of two-body kinematics; the 
residual nucleus carries the unbalanced missing momentum. We therefore in- 
terpreted these events as due to the reaction 12 C(5~, AA)X. 
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Fig. 1. Event sample for S p — » A A scattering process with sketch images 

A great deal of attention was paid to estimate detection efficiencies. The de- 
tection efficiencies were calculated by a Monte-Carlo simulation based on 
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GEANT. The incident H~ particles were generated to reproduce the mea- 
sured S~ momentum spectrum, and scattered off free protons. Energy loss 
in the SCIFI target medium was taken into account. The simulation involves 
reproducing the response of the SCIFI detector through hit digitization ac- 
cording to the individual fiber and fiber sheet configurations. The simulated 
E~p scattering events were scanned manually by eye in the same way as the 
analysis of real data. The scanning efficiency was studied as a function of track 
length and opening angle. 

The acceptance was estimated by using a large number of the simulated events 
in terms of the S~ momentum and cm. angle of scattering. Proper cutoffs were 
imposed on the track length and opening angle according to the scanning 
results of the simulated events. The track length for all the charged particles 
was required to be longer than 3 mm and the A flight length longer than 5 
mm. The opening angle between the scattered S~ and the recoil proton should 
be larger than cos# Sp =0.96. 

We calculate upper limit on cross section for E~p elastic scattering based on 
the observation of one E~p elastic scattering event with an invisible A decay. 
If only incident and scattered H~ particles are taken into account regarding 
elastic scattering, the acceptance is flat over the range of cm. scattering 
angles. However, as we discussed above, with the requirement of the visible A 
decay the acceptance is not flat in very forward and backward directions. We 
therefore obtain the differential cross section for the elastic scattering channel 
in the range of the S~ scattering angle —0.35 < cos9^ p < 0.65. 

The differential cross sections for E~p scattering processes can be written as 
27r(^) A cos 9 = N ~ p p /tlt p , where Nw- p denotes the number of scattering 

events. The target density of free protons, p = 4.88 x 10 22 cm~ 3 , can be 

rewritten as poN^/W, where p is the density of the target material (CH) n 

in g/cm 3 , Na is the Avogadro's number, and the atomic weight, W, is given 

by 13 g/mol The detection efficiency, r)~- p was obtained by a Monte-Carlo 

simulation, as described in the previous paragraph. The total track length of 

_ ~ „_ 

the incident S~ particles is represented by the factor = J2i=i (Lf —L ) = 

- s — ' (X -kf / iV4- — L ), where N^} denotes the total number of E~ particles 

and NL_ = 3834 indicates the analyzed number of H~ particles. Lf stands 
for the track length of each S _ . The effective target length of the analyzed 
event set was estimated to be 2.39 cm after correction due to the SCIFI target 
geometry. The factor denotes the ratio of the number of analyzed 2~ 
events to the total number of events, which was found to be 60.1%. The 
minimum cutoff length of 2~ track, L , is 0.3 cm. The total track length of 
the incident E~ particles, Lg-, was then found to be 1.34 x 10 4 cm. 

Assuming Poisson statistics, we set upper limits on the cross sections at 90% 
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Fig. 2. Upper limits on the Ep cross sections at 90% confidence level, indicated 
by arrows, are compared with theoretical estimates of RGM-F, RGM-H, FSS, Ni- 
jmegen-D, and S\Jq quark model. In the bottom panel a data point represents the 
result obtained from H _12 C— ► AA reaction assuming the effective proton number of 
3.5. Poisson statistical error is quoted only. 



confidence level (2.44 for event and 3.86 for 1 event with 50% background). 
The differential cross section for the S~p elastic scattering can be obtained in 
two ways: one is based on the observation of an event involving no A decay, 
the other is due to no observation of such an event that involves a visible A 
decay following the scattered S~ decay. The detection efficiency factors i] s - p 
are 20.4% and 43.9%, respectively. For the calculation based on an observed 
event, we take 0.5 background events in the signal, simply because of taking 
the similar probability of quasifree elastic scattering from carbon nuclei into 
account. Upper limit on the differential cross sections for the elastic scattering 
channel in the range of —0.35 < cos#~™ p < 0.65 were then found to be 1.9 
mb/sr (with A) and 2.1 mb/sr (without A) at 90% confidence level, respec- 
tively. The null result for the S~p elastic scattering with A decay provides 
more strict upper limit on the elastic scattering cross section. For simplicity, 
assuming an isotropic angular distribution, upper limit on the total cross sec- 
tion for E~p — > S~p scattering process is 24 mb at 90% confidence level, as 
shown in Fig. 2. 

Regarding the E~p — > AA reaction, we calculated the total cross-section with a 
null result. The detection efficiency was found to be 74% over the whole region 
of cm. angles, and the branching ratio of two A — > p-n~ decays (41%) was taken 
into account. Upper limit on the total cross-section for E~p — > A A process was 
obtained to be 12 mb at 90% confidence level. We also calculated the total cross 
section based on three observed events due to the reaction 12 C(S~, AA)X. We 
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simply assumed a quasifree scattering process. The effective proton number for 
the 12 C(H~, AA)X reaction reflects the initial state interaction of S~ through 
the E~p — > S°n process and the sticking probability that either of two A 
particles or both stays inside a nucleus, thereby decaying weakly. In eikonal 
approximation, the effective nucleon number can be written as 



where atomic mass A = J dfp(r), where the nuclear radius r is given with 
the impact parameter b and the z coordinate. The nuclear density is of three 
parameter Fermi-distribution of p(r) = (1— u>r 2 /r 2 )/(l-|-exp(r — r c /a)), where 
w = 0.149, a = 0.5224, and r c = 2.355 fm. The A sticking probability was 
assumed to be S \ = 0.15[13]. The effective proton number Z c g = (Z/A) x N e g 
is then found to range from 3.0 to 4.1 with cr=- p _ >H o n = 18 mb (predicted by 
RGM models [5,6,7]) and 2 mb (by Nijmegen-D model [8]), respectively. The 
SU 6 quark model predicts <7 S - P ^ s °n to be about 15 mb at = 0.5GeV/c [9]. 
Our previous experimental result (~ 14 mb) for inelastic scattering channels 
involving both 3~p — > AA and — > S°n processes suggests that (Js-p-^EPn 
be of the order of 10 mb[14]. For cr s - p _,. s o n = 10 mb, the effective proton 
number was obtained to be 3.5. This value in turn gives the total cross-section 
for E~p — > AA of 4.3i|y mb (statistical error only). 

We discuss possible systematic uncertainties in estimating the cross sections 
for E~p elastic scattering and conversion processes. The 3~p cross sections 
measured in different ways are consistent with each other, which permit us to 
draw reliable conclusions on the low-energy E~p and AA interactions. Special 
attention was paid to quantify the systematic uncertainties. The possible un- 
certainties are discussed as follows: (l)The total cross section measurement for 
the E~p elastic scattering was based on the assumption of an isotropic angular 
distribution. If one takes the distribution da / 'd cos ~ 1 + cos 2 #| m p , then 
the total cross section would be 20% larger than the estimate based on an 
isotropic angular distribution. (2) Uncertainty of the detection efficiency was 
investigated by varying cutoffs on the minimum track length. It was found to 
be 5% change in the cross section results. (3) The SCIFI target is composed of 
almost equal amount of hydrogen and carbon, and also includes a tiny amount 
of other atomic components due to cladding and glue materials. This contri- 
bution was estimated to be of the order of 1% in the cross section results. It 
should be also noted that all the criteria for event selection were determined 
by scanning and analyzing a number of simulated events. All the systematic 
uncertainties are much smaller than limited significance of our statistics. 
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The total cross section for the — > AA conversion process sets tight limit on 
theoretical estimates as shown in Fig. 2. The upper limit on the cross section, 
12 mb at 90% confidence level, rules out the RGM-F model prediction [5]. The 
measured cross section based on quasifree assumption is Ol^y nib, which 
supports rather the prediction of the model D(r c = 0.5 fm) [8] of Nijmegen 
group and the SU6 quark model [9]. Note that the quasifree scattering cross 
section depends on the estimate of the effective number of protons involved 
in the 12 C(S~, AA)X reaction. The above estimate was based on the effective 
proton number of 3.5, as discussed earlier. Due to this uncertainty of the 
effective number of protons, the models FSS [6] and RGM-H [7] cannot be 
ruled out. 
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Fig. 3. Cross sections for the zTp — ► AA reaction with respect to different reaction 
channels: (from left) H~ 12 C^ AAX with three observed events, — > AA with 
a null result, 12 C(K~, K + )E~X, and 12 C(K~, K + AA)X with intra-nuclear cascade 
model prediction for intermediate H~ and meson-induced processes. 

We discuss consistency of E~p — > A A cross sections measured using four 
different reactions; E~p -> AA,H- 12 C -> AAX,K~ 12 C -> K+AAX, and 
K~ 12 C — > K + X (no S~). Among them the direct measurement of elemen- 
tary — > AA process should be emphasized since it is free from theoretical 
assumptions. Despite the measurement yielded no observed event, it sets the 
stringent upper limit on the cross section to be 12 mb at 90% confidence level. 
Secondly, quasifree S~ 12 C — > AAX reaction events involving two momentum- 
unbalanced A particles permit us to obtain the cross section of 4.3jl|;f mb. The 
errors quoted indicate a 90% confidence level interval for Poisson signals. This 
result basically contains an assumption of the effective proton number being 
3.5 in the eikonal approximation. The uncertainty in estimating the effective 
proton number is indicated as dashed-dotted arrow lines in the same column 
of Fig. 3 (3.8 mb for Z cS = 4 and 7.5 mb for for Z cS = 2). 

We also estimated the total cross section from the reactions, K~ 12 C — > i^ + AAX 
and K~ 12 C — > K + X without 2~ production. These processes however compete 
with intermediate meson-induced two-step processes [14]. Both cases could 
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also involve rather sizable contribution from S~p — > AE° due to Fermi motion 
of nucleons in 12 C above 0.57 GeV/c. The ratio of the observed number of 
the S~ particles to that of the 12 C(K~ , K + ) reaction events would provide 
upper limits on the inelastic E~N cross section. The ratio was found to be 
80.1 ± 2.4i5;g% [12]. The total cross section for ETp inelastic scattering was 
then deduced from the S~ absorption probability for 12 C, which is approxi- 
mately 14 mb assuming an isotropic angular distribution. A recent measure- 
ment of quasifree p(K~ , K + )E~ reaction in emulsion plate yields 12.7jl|;f mb 
in the momentum range 0.4-0.6 GeV/ c [15], which is well consistent with our 
result. On the other hand, the analysis of the AA invariant mass spectrum 
suggests that the E~p — > AA cross section is of the order of several mb at 
Ps- ~ 0.55 GeV/c [16]. 

In nuclear matter the S~ decay width T s - ~ (va) s - p ^ AA ■ (p°/2) [17] arrives 
at ~ 3 MeV, based on the result of 4.3±| 7 mb. The term p°/2 ~ 0.08 fm" 3 
denotes proton density and v is a E~p relative velocity. 

In summary the KEK-PS measurement provides the first experimental data 
on low-energy E~p elastic and conversion cross sections in the range from 0.2 
GeV/c to 0.8 GeV/c, which are less than 24 mb at 90% confidence level and 
of the order of several mb, respectively. The four independent and consistent 
measurements of E~p — > AA cross section rule out a theoretical estimate 
based on the RGM-F model calculation, and favor the estimates predicted by 
Nijmegen model-D(r c = 0.5 fm) and SU6 quark model. In nuclear matter, the 
width for a EC single-particle state is estimated to be r 3 - 3 MeV. 
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